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Introduction

Molecular electronics
1,2,3,4,5 is receiving renewed interest due to the intrinsic limitations of silicon-based electronics. 6 Synthetic chemistry has tailored organic molecules to achieve specific electronic functions, even at the single-molecule level. 7, 8 Terminal anchor groups which have an affinity for gold are attached to the molecules to achieve the in situ assembly of metal-molecule-metal junctions. 9, 10, 11 The electrical conductance of these nanoscale junctions is characterized using a range of techniques, notably, scanning tunneling microscopy (STM) 12, 13 conductive-probe atomic force microscopy (CP-AFM), 14, 15 scanning tunneling microscopy break junctions (STM-BJs) 16, 17, 18 and mechanically controlled break junctions (MCBJs). 19, 20, 21 Studies which aim to understand how charge transport mechanisms vary with changing the length of the molecular wire 22, 23 have been very limited due to the challenges posed by the synthesis, rigorous purification and measurement of long molecules anchored between two electrodes. Two distinct charge transport mechanisms have been predicted theoretically and identified experimentally: coherent transport via tunneling or superexchange which dominates in short molecules, and incoherent thermally activated hopping in long molecules. 24 Choi et al. reported a series of oligophenyleneimine (OPI) molecules of length ca. 1.5-7 nm with an anchored thiol unit at one terminus and a phenyl unit at the other terminus. Contacting a monolayer of the molecules assembled on gold with a CP-AFM tip revealed a transition from tunneling to hopping at a molecular length of ca. 4 nm in junctions made of hundreds of molecules. 25 Single-molecule measurements were not reported in these studies. Hines et al.
reported a transition from tunneling to hopping at a molecular length between 5.2 and 7.3 nm by means of STM-BJ measurements (at the single-molecule level) on four oligofluorene-based molecular wires terminated with thiols. 26 Oligo(phenyleneethynylene) (OPE) derivatives are ideal candidates for studies on the correlation of conductance with molecular length. They are highly conjugated, rigid, rod-like molecules whose functional properties can be systematically tuned by chemical synthesis, which makes them a very important class of molecules in materials chemistry and molecular electronics. 27, 28 Short derivatives, typically OPE3 systems, have been widely studied in metal-molecule-metal junctions, 29, 30, 31 but there are very few reports of transport studies through longer derivatives. 32 Lu et al. studied a series of OPEs of lengths ca. 1-5 nm with amino groups at both termini and probed the charge transport mechanism in monolayers using STM-BJ and CP-AFM methods. A transition from tunneling to hopping was observed at a molecular length of ca. 2.75 nm. 33 Studies on related derivatives incorporating a ferrocene unit in the backbone, using the same contacting techniques, established that ferrocene enhanced the conductance in both the tunneling and hopping regimes. 34 Single-molecule measurements were not reported in these studies.
33,34
Terminal 4-pyridyl (PY) units anchor molecules effectively to gold substrates and, unlike thiols, 35, 36 they are stable under ambient conditions and no protecting group is needed. 37, 38, 39, 40 We have shown that for tolane derivatives pyridyl exhibits excellent anchoring performance with high conductance and 100% of molecular junctions formed. 41 Therefore, pyridyl units are used as anchors in the present series of molecules, in preference to amine or thiol analogs.
The motivation for this work is to study the length dependence of the single-molecule conductance of oligoaryleneethynylene (OAE) derivatives comprising OPE cores terminated at both ends with pyridyl groups. This study is clearly distinct from previous work on OPI 25 and OAE 33, 34 derivatives which concerned monolayers comprising hundreds of molecules in closely packed arrangements. The benefit of single-molecule studies is that artifacts arising from intermolecular interactions (e.g.  stacking)
which are well-known in OAE derivatives 27 are absent. We describe the synthesis and characterization of derivatives OAE3-OAE9 of molecular length (i.e. intramolecular N…N distance) ca. 2-6 nm. The charge transport characteristics of these OAE derivatives in single-molecular junctions have been studied using the MCBJ technique in solution and under environmentally controlled conditions.
Results and Discussion
Synthesis
The OAE derivatives studied in this work are shown in Chart 1. The synthetic strategy uses iterative
Pd-catalyzed Sonogashira cross-coupling reactions 42 of new, linearly-conjugated phenyleneethynylene building blocks. The retrosynthetic disconnections of the molecules are based on: (i) commercial availability of starting materials; (ii) high yielding reactions; (iii) the synthesis of intermediate reagents which could be easily purified, thereby facilitating the final step to the target OAE derivatives. For the derivatives OAE4-OAE9 hexyloxy substituents are attached to the inner phenyl rings to give the molecules good solubility in organic solvents. Two OAE3 derivatives were studied (OAE3a and OAE3b) to confirm that alkoxy substituents do not affect the conductance behavior, as was reported previously for thiol terminated OPE3 analogs. 30 Two OAE8 derivatives were synthesized: OAE8a has only very limited solubility and although an X-ray crystal structure was obtained it could not be purified to the required level for conductance measurements. Analog OAE8b with additional hexyloxy sidechains in the backbone has improved solubility and was fully characterized. A key aspect of our strategy is the use of 2-hydroxypropyl protecting groups for the intermediate terminal alkynes, e.g. compounds 2 and 5 (Scheme 1). A benefit of this protecting group (compared to trialkylsilyl, which is more commonly used) 28 is that its high polarity facilitates the separation of any unreacted starting material or byproducts which do not contain this unit. Deprotection with loss of acetone is easily accomplished using sodium hydroxide in toluene. 43 A notable feature of the deprotection reactions is that for bis-protected derivatives 2 and 5, the major product can be exclusively mono-deprotected (2→3) or bis-deprotected (5→6) depending on the temperature and the length of time of the reaction. As representatives of the series, the syntheses of OAE4 and OAE9 are shown in Scheme 1, and OAE5 in 
Conductance Measurements
The charge transport characteristics of the derivatives OAE3-OAE9 in single-molecular junctions were investigated using the mechanically controlled break junction (MCBJ) technique. Key parameters are listed in Table 1 . Molecular junctions were formed by opening and closing a nanogap between two gold electrodes in a solution of 1,3,5-trimethylbenzene (TMB) and tetrahydrofuran (THF), 4 : 1 (v/v) containing typically 0.1 mM of the target molecules. Details of the experimental set-up were described in our previous publications, 41, 44 and are briefly summarized in the Experimental Section. G 0 occurs, which is assigned to the "jump out of atomic contact". 45 The gold-gold contact breaks, and OAE molecules from the solution or already adsorbed at one of the two metal leads bridge the gap. This process is reflected in additional features in the log(G/G 0 ) vs. z stretching traces. The examples plotted in Figure 1 show well-developed plateaus at G < 10 -5 G 0 . These plateaus represent stable molecular junctions "electrode-OAE-electrode". We notice that these traces show a distinct monotonic decrease in the conductance with stretching distance. Upon further pulling, a second decrease in conductance occurs, which is assigned to the rupture of the contact between molecular wire and the gold leads. 31, 46 The conductance finally reaches the noise level of G ≤ 10 -8 G 0 upon the complete breaking of the molecular junction. We note that the plateau length increases with molecular length L as illustrated in G 0 for OAE3 to 10 -6.7 G 0 for OAE5, by three orders of magnitude. However, this trend levels off for longer molecular wires. The junction conductances of OAE5 to OAE9 reveal rather small changes spanning from 10 -6.7 to 10 -6.9 G 0 , respectively. We also note that the width of the molecular conductance features increases with molecular length, which most probably reflects the increasing number of molecular conformations in the nanoscale junctions. histograms. Similar conclusions were also obtained for the other OAE derivatives (see Supporting Information). We also note that all 2D conductance histograms reveal a small but distinct decrease of the single junction conductance G with increasing displacement z. The corresponding intervals are given in Table 1 for all the compounds investigated. Finally, we comment that the data cloud below 10 -7.5 G 0 represents the noise level. Analyzing the evolution of a molecular junction upon stretching provides additional information about the stability and junction formation probability. We constructed relative displacement (z) histograms 41 by calculating the displacement from the relative zero position at 0.7 G 0 to the end of the molecular conductance region, just before the onset of the noise level. Figures 3C and 3D display characteristic displacement histograms of OAE4 and OAE7. The plot of OAE4 reveals a uniform normal distribution with a well-defined maximum. No stretching traces shorter than 1.2 nm were observed indicating that no significant contribution due to direct tunnelling (T) through the solution exists. Therefore, we conclude that the molecular junction formation probability of OAE4 approaches 100%. The single maximum in Figure 3C represents the most probable relative characteristic stretching distance z* = 1.88 nm, which may be considered as a measure of the most probable characteristic plateau length of an OAE4-type molecular junction. 41 The most probable absolute displacement z* in an experimental molecular junction formed between two gold tips and OAE4 is obtained by adding the snap-back distance z corr to the relative displacement: z* = z* + z corr . Referring to our previous work with pyridyl-terminated rigid rod-like tolanes we used z corr = (0.5 ± 0.1) nm, 41 which leads to z* = 2.38 nm for OAE4. (This value is close to the molecular length L of OAE4.) Similar trends were found with OAE3 (c.f. data in Table 1 ).
The 1D displacement histograms of the longer OAEs are more complex. Figure 3D illustrates data of OAE7 as an example. In addition to a well-developed molecular feature with a maximum at z* = 2.31 nm, which gives z* = 2.81 nm as the most probable absolute displacement, we observed a second peak with a maximum around 1.2 nm. This peak originates from an increasing number of individual conductances versus distance traces without the formation of a molecular junction. In other words, it represents contributions from direct tunneling. The area ratio between the molecular contribution and the total data density in the histogram plotted in Figure 3D leads to a junction formation probability of This extra energy threshold might not always be reached, so that the percentage of stretching events which are unsuccessful (no molecular junctions being formed) is larger, which leads to lower junction formation probability. This process is currently being studied by molecular dynamics simulations in combination with electromechanical force-distance and conductance-distance measurements. However, this topic is beyond the scope of this article. 
54
The contact resistance R c = 1850 kΩ per pyridyl anchoring group for the family of OAE-wires studied in this work is larger than R c = 205 kΩ, which is the corresponding value for pyridyl-terminated oligoynes. 51 A similar trend is observed with the dithiol-terminated OPEs (40 kΩ) 31 and oligoynes (~ 3.2 kΩ). 51 These data demonstrate that the values are not only determined by the molecular anchoring site but also by the coupling of the anchor group to the wire backbone. Table 1 .
Comparing the results of the single-molecule conductance measurements for the short OAEs OAE3 -OAE5 with the literature data above, and in particular with results reported for pyridyl-terminated oligoynes 51 and thiol-terminated OPEs, 31 as well as the excellent fit of eqn. 1 to the experimental data, demonstrates that electron transport across the OAE3 to OAE5 wires is controlled by coherent transport via tunneling or superexchange.
A distinctly different behavior is found for the longer derivatives OAE6 to OAE9. The most probable single junction conductances are still exponentially dependent on molecular length L.
However, the fit of eqn. 1 to the experimental data gives an attenuation constant β = (0.16 ±0.08) nm -1 , which is significantly smaller as compared to the  = (3.3 ±0.01) nm -1 , the values extracted from the analysis of the shorter OAEs. Similar small  values were reported for longer amine-terminated OPEs (β ~ 0.3 nm -1 ), 33 thiol-terminated oligofluorenes (β << 0.1 nm -1 ) 26 and longer oligophenylenimines (β ~ 0.9 nm -1 ). 23 Comparing these results suggests that transport through the longer pyridyl-terminated OAEs is characterized by a thermally activated hopping mechanism. 24 Transition from tunneling to hopping was found at a molecular length of ~ 3 nm for the present system.
Single-molecule studies of length dependence have not been reported previously for OAE systems.
CP-AFM experiments, which involve contacting hundreds of molecules within self-assembled monolayers, revealed the transition from tunnelling to hopping at a molecular length of ca. 2.75 nm for a series of amine-terminated OPEs 33 and ca. 4 nm for thiol-anchored oligophenyleneimines. 25 Singlemolecule conductance experiments employing the STM-BJ techniques reported characteristic transition lengths of 5.6 to 6.8 nm for polythiophenes 55 and 5.2 to 7.3 nm for oligofluorene-based molecular wires, 26 both terminated with thiol anchors. We note that for the oligofluorene series the experiments are very limited within the length range investigated. 26 This comparison demonstrates convincingly that the transition length from tunneling to transport controlled by hopping depends critically on the structure of the molecular backbone. However, the existing limited data-base of single molecular junction studies
does not yet allow general trends to be extracted. Comparative studies with well-defined molecular wires, not only of known and tunable length but in particular of molecular conformation, are essential to achieve this goal.
Conclusions
We have presented the synthesis of a family of new linear OAE derivatives with terminal pyridyl anchor groups of molecular length ca. 2 -6 nm. The charge transport properties of these molecular wires were characterized by MCBJ experiments. Single-molecule junction conductance measurements reveal a transition from coherent transport via tunnelling, which dominates in shorter molecules, to an incoherent hopping in longer molecules. The transition occurs at a molecular length L ~ 3.0 nm and for conductances below 10 -6.5 G 0 . Increasing the molecular length L leads also to a reduction of the probability for molecular junction formation from 100% to values below 20%. This trend is attributed to the larger number of molecular conformations and the increasing number of hexyloxy side-chains, which appear to hamper the formation of stable OAE-type (single) molecular junctions. A comparison of our data with literature data for other oligomer systems establishes that the details of the tunneling to hopping transition depend on the nature of the molecular wire backbone as well as its coupling to the respective anchoring sites. This work represents the first studies on length dependence of conductance of OAE derivatives at the single-molecule level. However, unambiguous and more general correlations between structure and transport characteristics cannot yet be established due to the limited number of reliable single junction conductance studies with long molecular wires of well-defined structure, in particular molecular conformation. This topic comprises a major challenge for future research in synthetic and materials chemistry.
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